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ABSTRACT

We couple non-magnetic, hydrodynamical simulations of collapsing protostellar cores with
radiative transfer evolutionary models to generate synthetic observations. We then use these
synthetic observations to investigate the extent to which a simple method for measuring
protostellar disc masses used in the literature recovers the intrinsic masses of the discs formed
in the simulations. We evaluate the effects of contamination from the surrounding core,
partially resolving out the disc, optical depth, fixed assumed dust temperatures, inclination,
and the dust opacity law. We show that the combination of these effects can lead to disc
mass underestimates by up to factors of 2-3 at millimetre wavelengths and up to an order of
magnitude or larger at submillimetre wavelengths. The optically thin portions of protostellar
discs are generally cooler in the Class I stage than the Class O stage since Class I discs
are typically larger and more optically thick, and thus more shielded. The observed disc
mass distribution closely resembles the intrinsic distribution if this effect is taken into account,
especially at millimetre wavelengths where optical depth effects are minimized. Approximately
50-70 per cent of protostellar discs observed to date with this method are consistent with the
masses of the gravitationally unstable discs formed in the simulations, suggesting that at least
some protostellar discs are likely sufficiently massive to fragment. We emphasize key future
work needed to confirm these results, including assembling larger, less biased samples, and
using molecular line observations to distinguish between rotationally supported, Keplerian
discs and magnetically supported pseudodiscs.
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1 INTRODUCTION

Circumstellar discs are ubiquitous in the star formation process.
The disc fraction around young stars approaches 100 percent in
star-forming regions with ages less than 1 Myr, and then steadily
declines to 10 per cent or less for regions 10 Myr or older (e.g. Wyatt
2008). Disc formation is a natural consequence of the conservation
of angular momentum in a collapsing system and has long been
expected to form early in the protostellar stage. We note that, in this
paper, the protostellar stage refers to the evolutionary stage when
protostars (and their discs if they have already formed) are still
embedded in and accreting from their parent cores (in other words,
the Class 0 and I evolutionary stages; see e.g. Dunham et al. 2014,
for a recent review on evolutionary stages). Such early disc forma-
tion has been confirmed by Terebey, Shu & Cassen (1984), who
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modified the Shu (1977) solution for the inside—out collapse of
a singular isothermal sphere to include rotation. The formation of
relatively large, massive, Keplerian discs very early in the protostel-
lar stage is also found by non-magnetic simulations of collapsing
cores (e.g. Vorobyov 2011). However, simulations of magnetized
collapsing cores have found that efficient magnetic braking removes
angular momentum from the system and may completely suppress
disc formation in the protostellar stage (e.g. Allen, Li & Shu 2003;
Hennebelle & Teyssier 2008; Mellon & Li 2008; Seifried
etal. 2011). Many potential solutions have been proposed to reduce
the effects of magnetic braking and allow discs to form, including
magnetic flux loss through various mechanisms, non-ideal mag-
netohydrodynamic effects, outflow-induced envelope clearing, tur-
bulence, and misalignment between the magnetic field and rotation
axis (e.g. Mellon & Li 2008; Machida, Inutsuka & Matsumoto 2011;
Joos, Hennebelle & Ciardi 2012; Seifried et al. 2012; Krumholz,
Crutcher & Hull 2013; Li, Krasnopolsky & Shang 2013; Machida,
Inutsuka & Matsumoto 2014). The latter has recently been tested
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by two observational studies which reached conflicting results on
the alignment (or lack thereof) between magnetic fields and rotation
axes (Chapman et al. 2013; Hull et al. 2013).

While discs must form at some point, how early they form and
how quickly they grow in mass and size remain key open questions.
Observations of discs surrounding embedded protostars are diffi-
cult because the discs are deeply embedded in their parent cores,
and are especially challenging in the Class 0 stage when most of
the system mass is still in the core. One of the earliest studies of
a Class 0 protostellar disc was presented by Harvey et al. (2003),
who modelled interferometer millimetre continuum observations of
B335 and identified the presence of a compact component with a
mass of 0.004 M), which they inferred to be a disc. Similar infer-
ences of Class 0 discs through analysis and modelling of compact
components in interferometer (sub)millimetre continuum observa-
tions have been presented by other authors (e.g. Looney, Mundy &
Welch 2003; Chiang, Looney & Tobin 2012; Zapata et al. 2013),
although the results are model dependent and the samples are too
small to draw any statistical conclusions. Two recent surveys have
used larger samples (10-20 protostars) to argue that discs form very
early in the Class O stage (Jgrgensen et al. 2009; Enoch et al. 2011),
although both studies reach such sample sizes by using very sim-
ple methods for separating disc and core emission. On the other
hand, Maury et al. (2010) found no evidence for large discs with
sizes greater than ~100 au in an interferometer millimetre con-
tinuum survey of five Class 0 protostars and argued that their data
were inconsistent with simulations that neglected magnetic braking.
However, they did not directly address the nature of their continuum
detections, in particular whether they arise from discs or inner, dense
cores. Only three Class 0 systems have confirmed detections of discs
through direct detection of Keplerian velocity profiles in millimetre
spectral line observations: L1527 (Tobin et al. 2012, 2013), VLA
1623 A (Murillo & Lai 2013; Murillo et al. 2013), and R CrA IRS7B
(Lindberg et al. 2014). Taken together, these studies emphasize that
the properties and even the existence of embedded protostellar discs
remains quite uncertain, especially at the youngest (Class 0) stages
of protostellar evolution.

The formation time and early evolution of circumstellar discs
have several consequences for both star and planet formation. If
discs do indeed form early in the embedded stage, mass from the
infalling core can pile up in them until they become gravitationally
unstable and fragment. These fragments can be driven on to the star
through torques associated with spiral arms in the discs, causing
short accretion bursts and a general cycle of episodic protostellar
mass accretion (e.g. Vorobyov & Basu 2005, 2006, 2010b). Such
bursts can have significant effects on the chemistry of the surround-
ing core and planet-forming disc (Lee 2007; Kim et al. 2011, 2012;
Visser & Bergin 2012; Vorobyov et al. 2013b). Additionally, the
large changes in accretion rates lead to large changes in accretion
luminosity, and the episodic mass accretion process driven by disc
fragmentation predicted by Vorobyov & Basu (2010b) provides a
viable solution to the protostellar luminosity problem (Dunham
etal. 2010; Dunham & Vorobyov 2012), whereby protostars are un-
derluminous compared to simple theoretical expectations (Kenyon
etal. 1990, 1994; Kenyon & Hartmann 1995). Moreover, fragments
can be ejected from discs into the intracluster medium, produc-
ing a population of proto-brown dwarfs and very low mass proto-
stars (Basu & Vorobyov 2012), or settle on to stable orbits, giving
rise to wide-separation giant planet and brown dwarf companions
(Vorobyov & Basu 2010a; Vorobyov 2013). Finally, solid cores
forming in the fragment interiors may provide an alternative sce-
nario for the icy and terrestrial planet formation (Nayakshin 2010).
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Clearly, the significance of all of these effects due to disc frag-
mentation will depend on when exactly, if at all, discs with sufficient
mass to fragment actually form. While observational constraints are
currently quite limited, as discussed above, the largest surveys to
date of protostellar discs (Jgrgensen et al. 2009; Enoch et al. 2011)
depend on very simple assumptions to separate disc and core emis-
sion and derive disc masses. If these methods successfully recover
disc masses, they offer a promising method of assessing the for-
mation and early evolution of protostellar discs for statistically
significant samples. In this paper, we use synthetic observations
of simulated protostellar core+disc systems to evaluate whether or
not these assumptions successfully recover disc masses, and, based
on those results, assess whether protostellar discs are sufficiently
massive to fragment given the current observational constraints.
The organization of this paper is as follows: We describe the cou-
pling between the hydrodynamic simulations and radiative transfer
models used to generate the synthetic observations in Section 2, we
evaluate the extent to which simple assumptions can be adopted to
recover intrinsic disc masses from our synthetic interferometric ob-
servations in Section 3, we discuss the implications and limitations
of our results in Sections 4 and 5, respectively, and we summarize
our results in Section 6.

2 DESCRIPTION OF THE MODEL

To assess whether or not recent interferometer surveys of proto-
stars are capable of successfully recovering the intrinsic masses
of protostellar discs, we use models that are based on a coupling
of the two-dimensional, numerical hydrodynamical simulations of
collapsing cores presented by Vorobyov & Basu (2010b) with the
two-dimensional, evolutionary radiative transfer models of collaps-
ing cores presented by Dunham et al. (2010). To briefly summarize,
the Vorobyov & Basu (2010b) hydrodynamical simulations follow
for several Myr the collapse of a non-magnetized cloud core with
a fixed initial mass and initial angular momentum from the starless
phase, through the embedded phase, and into the T Tauri phase, with
a self-consistent calculation of the instantaneous accretion rates on
to the disc and protostar and thus the masses of the core, disc, and
protostar as a function of time. The Dunham et al. (2010) evolution-
ary models use the two-dimensional, axisymmetric, Monte Carlo
dust radiative transfer code rRapmMc (Dullemond & Turolla 2000;
Dullemond & Dominik 2004) to calculate the dust temperature pro-
files, including both internal heating from the protostar and external
heating from the interstellar radiation field (ISRF). Accompany-
ing routines are then used to generate spectral energy distributions
(SEDs) and images through ray-tracing and to calculate the complex
interferometer visibilities. We adopt the dust opacities of Ossenkopf
& Henning (1994) appropriate for thin ice mantles after 10° yr of
coagulation at a gas density of 10° cm~ (OHS5 dust; see Section 3.4
for a discussion of the effects of grain growth in discs on the opac-
ity law and resulting disc mass calculations), and include isotropic
scattering off dust grains. SEDs and complex interferometer visibil-
ities at each timestep are calculated for nine different inclinations
ranging from i = 5 to 85° in steps of 10°, where i = 0° corresponds
to a pole-on (face-on) system and i = 90° corresponds to an edge-on
system.

2.1 Hydrodynamical simulations

Our numerical hydrodynamics model for the formation and evolu-
tion of a young stellar object is described in detail in Vorobyov &
Basu (2010b) and Vorobyov et al. (2013b). Here, we briefly review
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Table 1. Model parameters.
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Qo 0 2o Core outer radius  Initial core mass B

Model (rad s™1) (au) (g cm™2) (pc) Mp)

1 44x 10714 2057 0.06 0.06 0.922 5.75 x 1073

2 4.6x 10713 343 0.36 0.01 0.153 1.74 x 1072
the main concepts. The model includes a protostar, described by 5
a stellar evolution code, and a protostellar disc plus infalling en- ro\?2 r

. . . Q=2Q— I+ =) —1f. (5)

velope, both described by a numerical hydrodynamics code. Both r 70

codes are coupled in real time, but due to computational constraints
the stellar evolution code is invoked only every 25 yr to update the
properties of the forming star. We use the thin-disc approximation
complemented by a calculation of the vertical scaleheight in both
the disc and envelope determined in each computational cell using
an assumption of local hydrostatic equilibrium. The resulting model
has a flared structure with the vertical scaleheight increasing with
radial distance. Both the disc and envelope receive a fraction of the
irradiation energy from the central protostar.

The main physical processes taken into account when comput-
ing the evolution of the disc and envelope include viscous and
shock heating, irradiation by the forming star, background irradia-
tion, radiative cooling from the disc surface, and self-gravity. The
corresponding equations of mass, momentum, and energy transport
are

0x

5 = _vp N (E'Up), (1)

0
a(zvp) + [V . (Evp ® vp)]p = —V],P +X gp
+ (V : H)]ia (2)

% +V,-(ev,)) ==P(V, - v,) = A+T +(Vv),, : [T, (3)
where subscripts p and p’ refers to the planar components (r, ¢)
in polar coordinates, ¥ is the mass surface density, e is the in-
ternal energy per surface area, P is the vertically integrated gas
pressure calculated via the ideal equation of state as P = (y — 1)e
withy =7/5,v, = v,.F + v¢$ is the velocity in the disc plane, and
V,=70/0r + @r~19/0¢ is the gradient along the planar coordi-
nates of the disc. The gravitational acceleration in the disc plane,
g, =&t + g¢($, takes into account self-gravity of the disc, found
by solving for the Poisson integral, and the gravity of the central pro-
tostar. Turbulent viscosity is taken into account via the viscous stress
tensor II. We parametrize the magnitude of kinematic viscosity v
using the a-prescription with a spatially and temporally uniform
a = 5 x 1073, The radiative cooling A in equation (2) is deter-
mined using the diffusion approximation of the vertical radiation
transport in a one-zone model of the vertical disc structure (Johnson
& Gammie 2003), while the radiative heating I" is calculated using
the irradiation temperature at the disc surface determined by the
stellar and background blackbody irradiation. For more details the
reader is referred to Vorobyov & Basu (2010b) and Vorobyov et al.
(2013b).

For the initial gas surface density ¥ and angular velocity 2
distributions, we take those typical of pre-stellar cores formed as
a result of the slow expulsion of magnetic field due to ambipolar
diffusion (Basu 1997)

)y
=0 )

Here, 2 and X are the angular velocity and gas surface density
at the centre of the core and ry) = «/Zc? /TG Xy is the radius of
the central plateau, where c; is the initial sound speed in the core.
The gas surface density distribution described by equation (4) can
be obtained (to within a factor of unity) by integrating the three-
dimensional gas density distribution characteristic of Bonnor—Ebert
spheres with a positive density-perturbation amplitude A (Dapp
& Basu 2009). The value of A is set to 1.2 and the initial gas
temperature is set to 10 K.

In this paper, two different models with different initial conditions
are coupled with the radiative transfer models, as described below
in Section 2.2. Table 1 lists the initial conditions for each model,
including the initial central angular velocity (£2o), the initial outer
radius of the core (ry), the initial central surface density (%), the
radius of the central region with an initially flat surface density
profile (rp), the initial core mass, and the initial ratio of rotational
to gravitational energy (8). Fig. 1 plots the time evolution of the
core, star, and disc masses, protostellar mass accretion rates, and
disc radii for each model. These two models are chosen to represent
opposite extremes: model 1 has a near-solar mass core that forms
a sub-solar mass star, whereas model 2 initially has a much lower
core mass, giving birth to a very low mass star. As a consequence,
model 1 forms a much larger, more massive disc than model 2
(see Fig. 1 and Vorobyov & Basu 2010b, for details). Nevertheless,
both discs are gravitationally unstable and prone to fragmentation,
owing to rather high initial values of g, and also reveal highly
variable accretion rates caused by disc gravitational instability.

Fig. 2 shows the gas surface density distribution in model 1 (left-
hand column) and model 2 (right-hand column) in the Class 0, Class
0/1, and Class I timesteps considered in this paper (see Section 3
for details). For both models, only the inner several hundred au are
shown; the full computational area is approximately 10 times larger.
The yellow lines outline the disc in each stage as identified using the
algorithm described in Dunham & Vorobyov (2012), which is based
on a critical surface density for the disc-to-envelope transition of
Y=05¢g cm~2. We found that this algorithm works well in the
Class 0/I stage, but may somewhat overestimate the disc mass in
the Class O stage (when the inner part of the infalling envelope may
have densities exceeding X,) and somewhat underestimate the disc
mass in the Class I stage (when the disc spreads out and its density
drops below X, in the outer parts). For instance, a lower value of
Y,=01g¢g cm~2 would result in larger disc sizes, as illustrated by
the red curve in the bottom-left panel of Fig. 2. However, the net
increase in the disc mass is only 4 per cent, owing to a rather low
density at the disc periphery.

2.2 Radiative transfer calculations

We couple the simulations described above with radiative trans-
fer models to calculate the time evolution of the SEDs of cores
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Figure 1. Left-hand panels: time evolution of the core, star, and disc masses for models 1 (top) and 2 (bottom). Middle panels: time evolution of the protostellar
mass accretion rates for models 1 (top) and 2 (bottom). Right-hand panels: time evolution of the disc radius for models 1 (top) and 2 (bottom). In each panel,
the thick grey lines mark, from left to right, the Class 0, Class 0/, and Class I timesteps considered in this paper (see Section 3 for details) .

collapsing according to the predictions of the simulations, as well
as images and interferometer visibilities at all wavelengths. The
coupling between the simulations and radiative transfer models was
first described by Dunham & Vorobyov (2012). We give a brief
overview here but refer to Dunham & Vorobyov (2012) for more
details. Since the simulations do not provide the full volume density
structure, in order to set up the physical structure of the radiative
transfer models, we take analytic profiles for the core and disc den-
sity structure and re-scale them at each timestep according to known
parameters from the simulations (see Section 5.1 for a discussion
of the limitations of this approach and prospects for future im-
provements). These parameters include the initial core mass (M ore)
and radius (7o), along with the time evolution of the core mass,
disc mass (Mg ), protostellar mass (Mg, ), disc outer radius (Ryjsc),
accretion rate on to the protostar (Mx), and accretion rate on to the
disc (My).

For the core, we adopt the density profile given by the Terebey
et al. (1984) solution for the collapse of a slowly rotating core.
This solution gives a core that is initially a spherically symmet-
ric, singular isothermal sphere with a density distribution n oc r. 2,
identical to the classic Shu (1977) solution. As collapse proceeds,
the solution takes on two forms: an outer solution that is similar to
the non-rotating, spherically symmetric solution and an inner so-
lution that exhibits flattening of the density profile. This model is
parametrized by the initial angular velocity of the core and the time
since the formation of the protostar. At each timestep, we truncate
the solution at the given initial .. for each model and then renor-

MNRAS 444, 887-901 (2014)

malize the density profile so that the core mass matches that given
by the simulations. Once the material at the outer core boundary
begins collapsing, which occurs once the infall radius' exceeds the
initial outer radius, we use the velocity profiles given by the Terebey
et al. (1984) solution to allow the core radius to decrease.

The disc structure follows a power law in the radial coordinate
and a Gaussian in the vertical coordinate, with the density profile
given by

—n 1 2
Pdisc($, 2) = po (Si,,) exp |:_2 (Hi\) :| b (6)

where z is the distance above the mid-plane (z = rcosf, with r and
6 the usual radial and zenith angle spherical coordinates), s is the
distance in the mid-plane from the origin (s = +/r? — z2), and pg
is the density at the reference mid-plane distance sy. The quantity
H; is the disc scaleheight and is given by H; = H,(:-)”, where
H, is the scaleheight at s,. The parameter y describes how the
scaleheight changes with s and sets the flaring of the disc. We set
H,=10auats, =100 au and y = 1.25 (see Dunham et al. 2010 and
references therein for a more detailed discussion of these quantities),
giving flared discs very similar to those found in the hydrodynamical
simulations (see fig. 11 of Vorobyov & Basu 2010b). The disc
surface density profile, calculated by integrating equation (6) over

! The infall radius is the radius within which the core is collapsing. It starts
at the centre and moves outward at the sound speed.
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Class 0 (0.01 Myr)

Class 0/1 (0.014 Myr)

Radial distance (AU)

Class | (0.026 Myr)

200 400 -200 -100 0

Radial distance (AU)

Figure 2. Gas surface density images (in log g cm~2) in model 1 (left-hand
column) and model 2 (right-hand column) in the Class 0, Class 0/I, and
Class I timesteps considered in this paper (see Section 3 for details). The
time in parentheses is counted from the formation of the first hydrostatic
core. The yellow lines outline the discs according to the adopted critical
surface density of £ = 0.5 g cm™2. The red line in the lower left panel
outlines the disc assuming a lower X of 0.1 gcm ™ (see the text for details).
Fragments forming in the disc in the Class 0/] and I stages are clearly visible.
the vertical coordinate z, has a radial power-law index of X(s) ocs77,
where p = n — y. Unlike our previous work (Dunham et al. 2010),
where we set p to a fixed value, here we determine p by fitting a
power law to the azimuthally averaged surface density profile given
by the simulations, and use this to set n (p = —1.68, —1.44 for
the Class 0 and I evolutionary stages of model 1, respectively, and
p=—1.77,—1.36 for the Class 0 and I evolutionary stages of model
2, respectively). Finally, the disc inner radius is set equal to the dust
destruction radius, calculated (assuming spherical, blackbody dust
grains) as

in  __ L *

Rave =\ om0 1y, @
where L, is the protostellar luminosity (see below) and Ty, is the
dust destruction temperature (assumed to be 1500 K; e.g. Cieza
et al. 2005).

The total internal luminosity of the protostar and disc at each
point in the collapse from core to star contains six components: (1)
luminosity arising from accretion from the core directly on to the
protostar, (2) luminosity arising from accretion from the core on
to the disc, (3) luminosity arising from accretion from the disc on

Protostellar disc mass measurements 891

to the protostar, (4) disc ‘mixing luminosity’ arising from luminos-
ity released when newly accreted material mixes with existing disc
material, (5) luminosity arising from the release of energy stored in
differential rotation of the protostar, and (6) photosphere luminos-
ity arising from gravitational contraction and deuterium burning.
The first five components are calculated following Adams & Shu
(1986), using direct inputs from the simulations for the accretion
rates, masses, and sizes of the protostar, disc, and core (further de-
tails can be found in Young & Evans 2005, Dunham et al. 2010,
and Dunham & Vorobyov 2012). The photospheric luminosity and
protostellar radius are calculated from the stellar evolution code of
Baraffe & Chabrier (2010) coupled to the main numerical hydro-
dynamic code (see Vorobyov et al. 2013b for details). While the
total amount of accretion luminosity is correct, we do not include
viscous disc heating since the radiative transfer code can only incor-
porate heating due to one central, internal source of photons and an
external radiation field. Viscous heating is only significant within
the inner 20—30 au of protostellar discs, and even in those locations
it only increases the disc temperatures by much less than a factor
of 2 (see e.g. fig. 4 of Vorobyov 2010). Since the discs we consider
are 100 au or larger, even at the earliest times (see right-hand panels
of Fig. 1), small deviations to warmer temperatures in the inner
discs than calculated from our radiative transfer models will have a
negligible impact on our results.

Finally, we also include external luminosity arising from heating
of the core by the ISRF. As in our previous papers, we adopt the
Black (1994) ISRF, modified in the ultraviolet to reproduce the
Draine (1978) ISRF, and then extincted by Ay = 0.5 of dust with
properties given by Draine & Lee (1984) to simulate extinction by
the surrounding lower density environment.

3 RESULTS

The two largest surveys of protostellar discs to date, and the only
two surveys to include Class O protostars, are those presented by
Jgrgensen et al. (2009) and Enoch et al. (2011). Both studies were
based on measuring the total 1.1 or 1.3 mm interferometric ampli-
tude at baselines of 50 kA for protostellar sources at distances rang-
ing from 125 to 415 pc. At these distances, emission on baselines of
50 kX corresponds to spatial scales of approximately 600—2000 au,
and the basic assumption made is that this emission has completely
resolved out the surrounding core but not yet begun to resolve out the
disc. Under this assumption, and further assuming that the observed
emission is from optically thin, isothermal dust at a temperature of
30 K, disc masses can then be calculated assuming a standard gas-
to-dust ratio of 100. A number of open questions surrounding these
assumptions must be answered before any general conclusions can
be drawn about the formation and early evolution of protostellar
discs, including the following.

(1) Isittrue that the total amplitude measured at baselines of 50 kA
is free of contamination from the surrounding core and recovers the
total emission from the disc, and how do these answers depend on
the distance to the source?

(ii) Is it valid to assume that the (sub)millimetre emission is
optically thin, or is mass missed due to optically thick emission?

(iii) Is 30 K the best temperature to assume?

(iv) How do the answers to all of these questions depend on the
source inclination and the wavelength of the observations?

While Jgrgensen et al. (2009) partially addressed the first ques-
tion by attempting to estimate and remove contaminating emis-
sion from the surrounding core, it is unclear how accurate their

MNRAS 444, 887-901 (2014)

1202 AInF €1 U0 1sanB Aq 680¥201/288/ L/ /oI01HE/SEIUW/WI0D dNODILSPED.//:SANY WO} POPEOJUMO(



892 M. M. Dunham, E. I. Vorobyov and H. G. Arce

corrections are since they used simple, one-dimensional models to
derive them. To answer these questions, we take each of the models
listed in Table 1 and, for source distances ranging from 100 pc to
500 pc in steps of 50 pc, calculate the complex interferometer vis-
ibilities at four wavelengths: 3.4 mm, 1.3 mm, 0.7 mm (700 pm),
and 0.35 mm (350 wm) (approximately 90, 230, 430, and 850 GHz,
respectively). The visibilities are calculated using an accompany-
ing routine in the RADMC package and are generated assuming the
Atacama Large Millimeter Array (ALMA) primary beam at each of
the wavelengths listed above, for nine inclinations ranging from 5°
to 85° in steps of 5°. The contributions to the visibility amplitudes
from the core and disc are calculated separately by coupling the hy-
drodynamic simulations with the radiative transfer models a second
time with the disc mass set to zero, generating a set of core-only vis-
ibilities, and then subtracting their amplitudes from the combined
core+disc amplitudes to generate a set of disc-only amplitudes. We
consider three timesteps for each model: one early in the Class 0
stage when only 25 percent of the initial core mass has accreted
on to the protostar and/or disc, one at the Class 0/I boundary when
50 per cent of the initial core mass has accreted on to the protostar
and/or disc, and one late in the Class I stage when 75 per cent of the
initial core mass has accreted on to the protostar and/or disc. While
we caution that there is not always a one-to-one correspondence
between observational class and physical stage due to the effects
of geometry and episodic accretion (e.g. Dunham et al. 2014), for
simplicity here we use the term class to refer to both. In the follow-
ing subsections, we use these synthetic observations to answer the
questions listed above.

3.1 Contamination from the surrounding core

To evaluate whether or not the total amplitude measured at a baseline
of 50 kA is free of contamination from the surrounding core and truly
represents emission from only the disc, we define the quantity fp, as
the ratio of the amplitude at S0 kA in the disc-only visibilities to the
amplitude at 50k in the combined (core+disc) visibilities. Fig. 3
plots fp versus distance to the source for each timestep of each
model for each of the four wavelengths considered in this paper,
at an inclination angle of 45°. For model 1, which has a relatively
massive disc, there is almost no contamination from the core. Even
during the Class O stage, when the core still contains the majority of
the system mass, at the largest distances where the core is the least
well resolved, at most only 20 per cent of the amplitude measured
at 50 kA arises from the core.

As seen in Fig. 3, the contamination level is somewhat higher for
model 2, which is not surprising given that this model forms a less
massive disc. During the Class 0 stage, between 10 and 60 per cent
of the observed amplitude at 50 kA arises from the surrounding core,
with the highest contamination levels occurring for submillimetre
observations of sources at the largest distances. At the Class 0/1
boundary, the contamination levels are lower, in the range of 0—
35 percent, and they are even lower in the Class I stage, ranging
between 0 and 20 percent. These results for both models do not
show any significant dependence on inclination angle.

Overall, we find that the surrounding core does not significantly
contaminate the visibility amplitudes at 50 k. For cores that form
relatively massive discs, the contamination is almost completely
negligible for all but the earliest times and largest source distances,
where it can reach up to 20 per cent. For cores that form less massive
discs, up to ~60 per cent of the amplitude may actually arise from
the core rather than the disc for Class 0 sources at distances of 400—
500 pc observed at submillimetre wavelengths. For any combination
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Figure 3. fp, the ratio of the amplitude at 50 kA in the disc-only model to the
amplitude at 50 kA in the disc+core model, plotted as a function of distance
to the source for distances ranging from 100 to 500 pc. The amplitudes are

calculated for a source inclination angle of 45°.

of closer distances, more evolved sources, and longer wavelength
observations the contamination is less. These results are in general
agreement with those of Jgrgensen et al. (2009), who used simple,
one-dimensional models to estimate that cores contribute about 10—
30 per cent of the observed interferometer amplitudes at SOKkA.

3.2 Resolving out the disc

Depending on both, the size of the disc and the distance to the source,
the interferometer amplitudes at 50 kA may not trace the full mass of
the disc if the disc is partially resolved. Indeed, Enoch et al. (2011)
noted that, due to the disc being partially resolved out at S0 kA, the
inferred disc mass for one source in their sample was 30 per cent
lower than the mass obtained from detailed radiative transfer mod-
elling performed in an earlier study (Enoch et al. 2009). Since the
Vorobyov & Basu (2010b) simulations form relatively large, mas-
sive discs, we evaluate here whether disc masses calculated from
the amplitudes at S0kA are underestimated due to the discs being
partially resolved out. For each timestep of each model, we define
the quantity f7p as the ratio of amplitudes in the disc-only model at
50kA to that at O kA. In this sense, frp measures the fraction of total
disc flux recovered at SOKkA.
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Fig. 4 plots frp versus distance to the source for each timestep
of each model for each of the four wavelengths considered in this
paper, at an inclination angle of 45° (the choice of inclination angle
is not found to have any significant effect on the results). In the
Class 0 stage, the amplitudes at 50 kA do recover essentially all of
the disc emission except for sources closer than 200 pc, where up
to 20 per cent of the emission is resolved out in models with larger
and more massive discs. However, as the disc grows larger at later
evolutionary stages, more of the disc emission is resolved out. For
model 2, the disc remains small enough such that essentially no
emission is resolved out for source distances greater than ~200 pc;
for closer sources, up to 20 per cent is resolved out at the Class 0/I
boundary, and up to 30 per cent late in the Class I stage. For model
1, on the other hand, the disc becomes partially resolved out for all
but the largest source distances. Up to 50 per cent of the total disc
emission is resolved out at the Class 0/1 boundary for observations
at 3.4 and 1.3 mm (and even more at submillimetre wavelengths),
and up to 60 per cent late in the Class I stage (again, even more at
submillimetre wavelengths).

Combining the results of the last two sections, interferometer
amplitudes at 50 kA will overestimate the emission from a disc by
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Figure 4. frp, the ratio of the amplitude at 50 kA in the disc-only model to
the total amplitude of the disc-only model (the amplitude at 0 ki), plotted
as a function of distance to the source for distances ranging from 100 to
500 pc. The amplitudes are calculated for a source inclination angle of 45°.
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up to about a factor of 2 in the worst cases due to contaminating
emission from the surrounding core. On the other hand, they will
also underestimate the emission from a disc by a similar factor due
to partially resolving out the disc, as long as the observations are
obtained at millimetre wavelengths. For large enough samples of
objects over different ranges of source distances and intrinsic disc
properties, these effects will at least partially cancel each other out.
For observations obtained at submillimetre wavelengths, however,
up to 80 per cent of the disc emission can be resolved out, and as
this effect is larger than the contamination from the surrounding
core, submillimetre observations used to measure disc masses in
this manner will systematically underestimate the true masses.

3.3 Optical depth, temperature, and inclination

In this section, we evaluate the effects of optical depth, tempera-
ture, and inclination on our ability to recover the actual disc masses
from our synthetic observations. The observed disc emission will
only trace the total mass of the disc if the emission remains op-
tically thin throughout the full vertical and radial extent of the
disc. This condition is known to be false in older Class II discs
where the inner regions are often optically thick (e.g. Andrews &
Williams 2005). To evaluate whether the protostellar discs predicted
by the Vorobyov & Basu (2010b) simulations are also partially op-
tically thick, Fig. 5 plots, for each wavelength considered in this
paper, the vertically integrated optical depth through the disc for
each timestep of each model as a function of the mid-plane ra-
dial distance. For self-consistency, the optical depths are calculated
using OHS dust opacities, since these opacities were used in the
radiative transfer models to generate the synthetic observations.

The vertically integrated optical depth at a fixed mid-plane radial
distance increases with decreasing wavelength, as expected given
that the opacities also increase with decreasing wavelength. In all
cases, the discs are not optically thin all the way down to the mid-
plane for all radii. For model 1, the disc emission becomes optically
thin beyond a few au for the millimetre wavelengths but only beyond
10 to a few tens of au for the submillimetre wavelengths. For model
2, which forms a smaller, less massive disc that is consequently
less optically thick, the disc is generally optically thin beyond a
few au except for the shortest wavelengths and latest evolutionary
stages, where it is only optically thin beyond about 10 au. These
results demonstrate that the discs formed by the Vorobyov & Basu
(2010b) simulations are not fully optically thin, in agreement with
other numerical studies (see e.g. Rice, Mayo & Armitage 2010).
However, they are not optically thick enough to cause large mass
underestimates. For a disc with a surface density profile X(s) o< s77,
the mass contained within the mid-plane radius s is M(<s) o< s> 7.
At each timestep, the disc size (Fig. 1), the power-law index (see
Section 2.2), and the mid-plane radius, where the emission tran-
sitions to optically thin (Fig. 5), can be combined to calculate the
fraction of total mass contained within the optically thick region of
the disc. For the shortest, most optically thick wavelength consid-
ered here (0.35 mm), we calculate this fraction to be 41 per cent,
23 per cent, and 20 per cent for the Class 0, 0/, and I timesteps of
model 1, respectively, and 45 per cent, 14 per cent, and 14 per cent
for model 2. Thus, the total disc mass underestimates due to opti-
cally thick emission are less than a factor of 2 even at the shortest
submillimetre wavelengths (except for edge-on lines-of-sight; see
below).
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Figure 5. The vertically integrated optical depth through the disc for each
timestep of each model, plotted as a function of the mid-plane radial distance.
The optical depth is calculated and displayed for each of the four wavelengths
considered in this paper. The thick grey line in each panel marks the limit
between optically thick ( > 1) and optically thin (z < 1). The optical depths
are calculated using OHS opacities (see the text for details).

With these results in mind, we calculate, at each wavelength, the
total disc mass inferred from the synthetic interferometer amplitude
at 50 kA for each timestep of each model. The mass is given by

2
M= IOOd S,,(SOkA)’ @)
B\)(TD)KI)
where S,(50k2) is the interferometer amplitude at 50kX, B, (Tp)
is the Planck function at the assumed isothermal dust temperature
Tp = 30 K, «, is the dust opacity, d is the distance to the source,
and the factor of 100 is the assumed gas-to-dust ratio. We again
adopt the OH5 dust opacities for self-consistency with the radiative
transfer models (see Section 3.4 for discussion of the opacities), and
use the synthetic interferometer visibilities calculated for a source
distance of 250 pc.

Fig. 6 plots the resulting disc masses calculated at each wave-
length as a function of inclination, and Fig. 7 plots the ratio of
actual to calculated disc masses, again as a function of inclination.
In both figures, the calculated disc masses are seen to converge
towards a single value for all inclinations less than ~60° as the
wavelength increases. The increasing underestimates in disc mass
at progressively shorter wavelengths is due to a combination of two
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Figure 6. Disc mass calculated from the interferometer visibilities at 50 ki
at each wavelength, for each timestep of each model, calculated according
to equation (8) (see the text for details) and plotted versus the inclination
assumed to generate the synthetic visibilities. In each panel, the thick grey
line shows the actual disc mass.

factors: (1) the emission is progressively more optically thick, and
(2) the emission is progressively farther from the Rayleigh—Jeans
limit, thus temperature overestimates cause progressively larger disc
mass underestimates. The importance of the latter factor is empha-
sized since we have already shown that the underestimates due to
optically thick emission are less than a factor of 2 even at the shortest
wavelengths.

In four of the six panels, the masses calculated from the longest,
most optically thin wavelengths converge to lower masses than the
actual disc masses. These underestimates grow more significant
with later evolutionary stages, reaching up to factors of 2 late in the
Class I stage, and are due to the fact that the assumed isothermal
temperature of 30 K is often too high. As the discs are not truly
isothermal, the correct temperature to assume in equation (8) is the
mass-weighted average temperature of the optically thin portions
of the disc. Table 2 lists these temperatures for each timestep of
each model. The temperatures decrease as the evolutionary stages
increase, since as the disc evolves it grows in mass and size and is
optically thick to larger radii (see Fig. 5), leading to more shield-
ing of the optically thin regions. Consequently, masses calculated
assuming 7p = 30 K lead to progressively larger underestimates
as evolutionary stage increases. A similar trend of decreasing disc
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Figure 7. Ratio of actual to calculated disc mass at each wavelength, for
each timestep of each model, plotted versus the inclination assumed to
generate the synthetic interferometer visibilities.

Table 2. Isothermal temperatures.

Temperature
Model  Evolutionary stage (K)
1 0 27
1 0/1 20
1 I 15
2 0 35
2 0/1 32
2 1 17

temperatures leading to increasing mass underestimates with evo-
lutionary stage was also noted by Jgrgensen et al. (2009). The small
overestimate (less than 20 per cent) in the disc mass for the Class 0
stage of model 2 is due to the temperature being slightly above the
assumed 30 K (35 K, see Table 2).

Assuming a random distribution of source orientations on the
sky, 50 per cent of all sources will be viewed at inclinations of 60°
or greater. For such sources, the lines of sight will pass partially or
fully through the disc mid-plane where the densities (and thus op-
tical depths) are the largest. As illustrated by Figs 6 and 7, the disc
mass underestimates due to the combination of optically thick emis-
sion and incorrect isothermal dust temperatures for sources with in-
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clinations greater than ~60° are generally less than 50 per cent for
observations at millimetre wavelengths, but can reach up to factors
of 5-10 or larger for submillimetre wavelengths.

3.4 Dust opacity law

As noted above, the radiative transfer models used to generate the
synthetic interferometer visibilities assumed the OHS dust opacity
law, so to be self-consistent we also adopted the OHS5 dust opacities
when calculating disc masses according to equation (8). Defining
B as the power-law index of the dust opacity law (k o v#, where
K 1is the dust opacity at frequency v), optically thin emission will
scale as I o« v*, where « is the spectral index and is given by
o = 2 + B. For OHS5 dust, § = 1.75 over all submillimetre and
millimetre wavelengths, implying that the emission should have
a spectral index of 3.75. However, numerous recent observational
studies of protostars have found o < 3.75 over a variety of spatial
scales (e.g. Kwon et al. 2009; Melis et al. 2011; Shirley et al. 2011;
AMI Consortium 2012; Chiang et al. 2012; Tobin et al. 2013). In an
extreme example, Tobin et al. (2013) measured o = 2 between 3.4
and 0.87 mm over baselines ranging from 10 to 500 kA, implying a
flat dust opacity law (8 = 0).

There are two ways to lower the spectral index: partially optically
thick emission and grain growth. It is well established that dust
grains can quickly grow to millimetre sizes or larger in Class II
discs (older discs than those considered in this study), and that
such growth can change the opacity law by decreasing § (see Testi
et al. 2014, for a recent review). Whether or not grains have grown
sufficiently large to change the opacity law in protostellar discs
remains an open question. Since we have already shown that the
discs in these models are partially optically thick, especially at
shorter wavelengths, we first evaluate whether optical depth alone
can explain these recent results of @ < 3.75 in observations of
protostars. Fig. 8 plots the spectral index, «, calculated from each
wavelength pair, for each timestep of each model, as a function of
baseline distance. Since grain growth is not an option in models
with a fixed dust opacity law, and 8 = 1.75 over all submillimetre
and millimetre wavelengths for OHS dust opacities, any deviations
from o = 3.75 are due to optical depth effects. We find that o
is lower when calculated from shorter wavelengths that are more
optically thick, and is less than 3.75 even when calculated only from
millimetre wavelengths. Similar results are found when three or
four wavelengths are used to calculate «, as long as the first and last
wavelengths remain the same. While these results do suggest that
optical depth lowers the observed «, the Tobin et al. (2013) results
are most comparable to our results for « calculated from 3.4 to
0.7 mm, and since we find « ~ 3 — 3.5 at these wavelengths, optical
depth effects alone are unable to explain their results. Furthermore,
while the source studied by Tobin et al. (2013) is at a nearly edge-on
inclination and our results are presented for an inclination of 45°,
we find qualitatively similar results even for an inclination as high
as 85° in that the observed « is generally larger than 2.

If grains have grown to larger sizes in discs, as suggested by com-
bining our results with the observational studies cited above (see
also the discussion in Tobin et al. 2013), the opacity law will flatten.
This will generally lead to smaller dust opacities at submillimetre
wavelengths and larger dust opacities at millimetre wavelengths.
To give a specific example, the dust opacity law of Ricci et al.
(2010), which includes grains that have grown up to 1 mm, predicts
B =0.25and k = 2.5 cm? g~! at 850 um. This opacity law is
within a factor of 1.3 of that predicted by the OH5 dust opacity
law at 850 pum (1.89 cm? g~!), but leads to opacities that are a
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Figure 8. Spectral index, «, calculated from each wavelength pair for each
timestep of each model, as a function of baseline distance. Calculations
over different wavelength ranges are shown, with the legend in each panel
showing the two wavelengths used to calculate « for each line. A source
inclination of 45° was assumed for these calculations.

factor of 3 smaller at 350 pm and factors of 2.5 and 10.5 larger
at 1.3 and 3.4 mm, respectively. If the Ricci et al. (2010) opacity
law represented the true opacity law in the disc, but the OHS dust
opacities were erroneously adopted to calculate disc masses, the
resulting masses would underestimate the true disc masses at the
shortest wavelengths but overestimate them at the longest wave-
lengths. Future work must concentrate on determining whether the
Tobin et al. (2013) result of a very low spectral index for L1527 is
an anomaly or the norm for protostars, and use these results to set
detailed constraints on the opacity law for dust in protostellar discs.

4 DISCUSSION

4.1 Reliability of protostellar disc mass measurements

To summarize the above sections, we find that, on average, the
competing effects of contamination from the surrounding core and
partially resolving the disc will tend to cancel each other at millime-
tre wavelengths but lead to underestimates at submillimetre wave-
lengths, by up to factors of 4 in the worst cases. Optically thick
emission, colder dust temperatures than the assumed 7p = 30 K,
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and the effects of inclination can lead to underestimates by up to
factors of 2-3 at millimetre wavelengths and up to an order of
magnitude or larger at submillimetre wavelengths, especially 350
pwm. Finally, flatter dust opacity laws than the assumed OHS opac-
ity law, as implied by recent observations, will cause further disc
mass underestimates at the shortest submillimetre wavelengths and
overestimates at the longest millimetre wavelengths, with the exact
magnitude dependent on the details of the intrinsic dust opacity law.

In order to understand the net sum of all of these effects (except
for grain growth, which we are unable to evaluate with our fixed
dust opacity law), Fig. 9 plots various intrinsic and synthetic disc
mass distributions for each model. The intrinsic distributions are
taken directly from the simulation data and represent the true disc
mass distribution over each model run; thus, they are the same
in each panel for a given model. The synthetic distributions are
assembled by calculating, for each wavelength and each inclination,
the disc mass throughout the full evolution of the model (in 2000 yr
timesteps) from the synthetic interferometer amplitude at 50k,
assuming optically thin, isothermal emission according to equation
(8). The contribution of each inclination to the final distribution
for each wavelength of each model is weighted by solid angle (see
Dunham et al. 2010, for details). In the top two rows, the assumed
isothermal dust temperature is 30 K for all timesteps, whereas in the
bottom two rows it is 30 K for timesteps in the Class 0 evolutionary
stage and 15 K for timesteps in the Class I evolutionary stage. The
mean of each distribution is listed in Table 3.

When the isothermal Tp, is held fixed at 30 K independent of evo-
lutionary stage, the calculated disc mass distributions are clearly
lower limits to the intrinsic distributions, with mean values lower
by factors of 1.5—6 depending on wavelength and model. However,
when two values of Tp, are adopted, 30 K for Class 0 sources and
15 K for Class I sources, the calculated distributions are much more
representative of the intrinsic distributions (mean values within
50 per cent).

4.2 Existence of fragmenting protostellar discs

Given the results presented in this paper, what constraints on proto-
stellar disc masses can be set by existing surveys? Fig. 10 plots the
combined distribution of protostellar disc masses from Jgrgensen
et al. (2009), Enoch et al. (2011), and Eisner (2012), all of which
are based on observations at 1.1 or 1.3 mm. In the top two panels,
disc masses were taken directly from the first two surveys, who
used the method evaluated here with a fixed Tp of 30 K, and were
calculated from the Eisner (2012) survey based on their reported
visibility amplitudes for each source, again assuming a fixed 7, of
30 K. We note that these calculated disc masses generally agree to
within a factor of 2 with masses derived by Eisner (2012) based
on radiative transfer modelling of each source, which we take to
be excellent agreement considering they fit to a relatively coarsely
sampled model grid. In the bottom two panels, the disc masses from
all three surveys are recalculated assuming 7 = 30 K for Class 0
sources and 7p = 15 K for Class I sources. Altogether, 43 disc
mass measurements are plotted; an additional four non-detections
in the combined sample are not shown in Fig. 10. The observed
distribution of protostellar disc masses spans more than two orders
of magnitude, from less than 10~ M to greater than 1 M), with
a peak slightly above 1072 My (although, as demonstrated by the
error bars in Fig. 10, the shape of this distribution is still quite
uncertain due to small-number statistics).

Fig. 10 also plots the distribution of protostellar disc masses
predicted by the Vorobyov & Basu (2010b) simulations, which
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Figure 9. Protostellar disc mass distributions for each timestep of each model. In each panel, the solid histograms show the intrinsic distributions taken
directly from the simulation data, thus the solid histograms are the same in each panel for a given model. The dashed histograms show the synthetic disc mass
distributions over the full evolution of each model calculated from the synthetic interferometer amplitude at SO kX (see the text for details). In the top two rows,
the assumed isothermal dust temperature is 30 K for all timesteps, whereas in the bottom two rows it is 30 K for timesteps in the Class 0 evolutionary stage and
15 K for timesteps in the Class I evolutionary stage. Each panel is labelled with the model, wavelength, and isothermal dust temperatures adopted to calculate

disc masses in the Class 0 and I evolutionary stages.

often form discs that are sufficiently massive to fragment and drive
short-lived accretion bursts from the disc on to the protostar. This
distribution is calculated as the fraction of total time spent at each
disc mass for an ensemble of 23 simulation runs spanning a large
range of initial core masses and angular momenta (see table 1 of
Dunham & Vorobyov 2012 for a full list). The contribution of each
simulation to the total distribution is weighted by either the Kroupa
(2002, left) or Chabrier (2005, right) stellar initial mass function
(IMF) based on the final mass of the star formed in each simulation
(see Dunham & Vorobyov 2012 for details of this weighting).
Comparing the two distributions in the top panels reveals that
the relatively massive discs predicted by the Vorobyov & Basu
(2010b) non-magnetic hydrodynamical simulations are observed in
approximately 50 per cent of all protostars. However, since the ob-
served disc mass distribution in these panels was assembled a fixed
T = 30K, our results from Section 4.1 imply that it is a lower limit
to the intrinsic protostellar disc mass distribution. Comparing the

two distributions in the bottom panels, where 7, = 15 K for Class I
sources and thus the observed distribution should closely match the
intrinsic distribution, the discs predicted by the Vorobyov & Basu
(2010b) simulations are observed in approximately 70 percent of
all protostars. In both the top and bottom panels somewhat bet-
ter agreement is found when the simulations are weighted by the
Kroupa (2002) IMF, which gives increased weight to simulations
that form lower mass stars.

Based on these comparisons, and given that the Vorobyov & Basu
(2010b) simulations are prone to form fragmenting discs, particu-
larly when the disc mass exceeds ~0.07 M (Vorobyov 2013), we
conclude that at least some protostellar discs are likely sufficiently
massive to fragment. The fact that the observed and simulation disc
mass distributions do not show perfect overlap (in particular, the
observed distribution extends to lower masses) may be explained
by magnetic braking acting to remove angular momentum and sup-
press disc formation in some cases. Additionally, we caution that the
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Table 3. Intrinsic and synthetic mean disc masses.

Intrinsic Synthetic Mean intrinsic/Synthetic
mean disc mass ~ Wavelength ~ Class 0 Tgyse  Class I Tgyge ~ mean d mass disc mass

Model M) (mm) (K) (K) M@) M@)

1 0.175 0.35 30 30 0.028 6.3
0.7 30 30 0.057 3.1
1.3 30 30 0.069 2.5
34 30 30 0.091 1.9

2 0.032 0.35 30 30 0.009 3.6
0.7 30 30 0.014 2.3
1.3 30 30 0.017 1.9
34 30 30 0.021 1.5

1 0.175 0.35 30 15 0.119 1.5
0.7 30 15 0.144 1.2
1.3 30 15 0.160 1.1
34 30 15 0.179 1.0

2 0.032 0.35 30 15 0.031 1.0
0.7 30 15 0.035 0.9
1.3 30 15 0.038 0.8
34 30 15 0.043 0.7

surveys published to date are generally biased towards massive and
luminous protostars that are thus bright at (sub)millimetre wave-
lengths, and may not be representative of all embedded protostars.
Larger, more representative surveys are needed to test these findings.
We are currently working on assembling such samples, on including
the effects of magnetic braking into the numerical models, and on
searching for other observational signatures of fragmenting discs
beyond their total masses, such as those predicted by Vorobyov,
Zakhozhay & Dunham (2013a), including direct detection of spiral
structure and fragments and characteristic SED features.

4.3 Recommendations for future studies

Given the results presented in this paper, we make the following two
recommendations for future studies that seek to use interferometer
continuum observations of protostars to measure the protostellar
disc mass distribution for larger samples than those considered to
date.

(i) Observe at a wavelength of approximately 1 mm. Shorter
wavelengths will be more optically thick and more prone to errors
due to incorrect temperature assumptions (since they are farther
outside of the Rayleigh—Jeans limit), and longer wavelengths will
be more prone to disc mass overestimates due to larger opacities
caused by grain growth.

(i) Adopt two different isothermal dust temperatures depend-
ing on the evolutionary stage of each protostar: 30 K for Class 0
protostars and 15 K for Class I protostars.

5 LIMITATIONS AND CAVEATS

5.1 Physical structure

While both the hydrodynamical simulations and radiative transfer
calculations are performed using two-dimensional codes, they use
different coordinate systems. In the hydrodynamical simulations,
the thin-disc approximation is used to calculate the evolution of the
gas surface density and velocity profiles as a function of cylindrical
radius, s, and azimuthal angle, ¢, whereas the radiative transfer
calculations assume axisymmetry to calculate the dust temperature
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distribution as a function of radius, r, and zenith angle, 6, in spherical
coordinates. As a result, the radiative transfer calculations are able
to match the exact mass, radius, and azimuthally averaged surface
density profile of the disc but do not recover its axial structure, in
particular spiral density waves and fragments.

As described in Section 2.2, we match the disc surface density
profiles in the simulations and radiative transfer calculations by
fitting a power law to the azimuthally averaged surface density
profile predicted by the simulations. However, inspection of the
simulations reveal that the profiles are generally better described by
a broken power law, with a much steeper index at large radii, than
by a single power law over the full extent of the disc. We included
such a broken power law in the radiative transfer calculations to test
its effects but found that it had no significant effects on our results,
since it changes slightly the distribution of mass within the disc but
not the total mass recovered by the simulated observations.

However, we do acknowledge that there are limitations related
to our inability to include the full, non-axisymmetric structure
of the disc in our radiative transfer calculations. One such limi-
tation is the effect of disc fragments. In the most extreme cases, the
discs in the Vorobyov & Basu (2010b) simulations form fragments
that contain up to 50 per cent of the total mass of the disc. Such frag-
ments will be extremely optically thick and thus essentially invisible
to (sub)millimetre interferometric observations. Thus, in addition to
the effects discussed in Section 3, hidden fragments will cause disc
masses calculated from interferometer visibility amplitudes mea-
sured at S0 kA to be further underestimated. The full magnitude of
these underestimates can only be evaluated once the simulations
are coupled to three-dimensional radiative transfer calculations that
capture the full disc structure; we are currently working on such
models and will present the results in a forthcoming paper.

Another limitation is the effect that grain growth will have on
the assumption that the gas and dust are well coupled, which we
adopt when using the gas surface density from the simulations to set
the dust surface density profile in the radiative transfer calculations
(as described in Section 2.2). If dust grains in protostellar discs
have already grown to millimetre sizes, the dust surface density
profile can deviate significantly from the gas due to preferential
concentration of these large grains within density enhancements
(such as fragments, clumps, and spiral arms; Rice et al. 2004; Boley
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Figure 10. Distribution of protostellar disc masses. In each panel, the shaded histogram shows the combined distribution of observed disc masses from
Jgrgensen et al. (2009), Enoch et al. (2011), and Eisner (2012), with the error bars showing the statistical («/ﬁ ) uncertainties, and the dashed histogram shows
the distribution of protostellar disc masses predicted by the Vorobyov & Basu (2010b) simulations. The IMF used to calculate the distributions from the
simulations are those of Kroupa (2002, left-hand panels) and Chabrier (2005, right-hand panels) (see the text for details). The top two panels show the observed
disc mass distribution calculated assuming a fixed isothermal dust temperature of 7p = 30 K independent of evolutionary stage. The bottom two panels show
the observed disc mass distribution calculated assuming 7p = 30 K for Class 0 sources and 7Tp = 15 K for Class I sources.

& Durisen 2010; Testi et al. 2014). Thus, we again emphasize the
critical need for future work devoted to understanding the dust
properties in protostellar discs to go along with recent advances in
our understanding of dust properties in older, more evolved (i.e.
Class IT) discs (see Testi et al. 2014, for a recent review). Such work
requires high-angular resolution, high-sensitivity, multiwavelength
observations of embedded protostellar discs and should thus be
viable in the coming years with ALMA and the upgraded Very
Large Array (VLA).

5.2 Confirming Keplerian rotation

Emission on baselines of 50k corresponds to spatial scales of
approximately 500-2500 au for sources at distances ranging from
100 to 500 pc, thus we must emphasize that such observations do
not spatially resolve the discs. As discussed in Section 3.2, this is
actually a strength as it allows this method to probe the total emis-

sion from the disc, but at the cost of assuming that the unresolved
component does in fact arise from a rotationally supported, Kep-
lerian disc. To test whether emission on 50 kX baselines truly does
imply the presence of a disc-like structure, we generated synthetic
interferometric observations of an alternative version of model 1
with the disc removed and the core inner radius set to 1 au rather
than the outer radius of the disc, which is generally 100 au or larger
(see Fig. 1). The resulting disc masses calculated from the ampli-
tudes at 50 kA for this model ranged from 5 x 107> M, early in the
Class 0 stage to less than 1073 Mg late in the Class I stage. As most
observations performed to date suggest discs with masses greater
than 1072 Mg (see Fig. 10), even cores with such extreme inner
radii have a negligible effect on the observed disc mass distribution
derived assuming all emission on 50 kA baselines arises from discs.
These results are in general agreement with those of Jgrgensen et al.
(2009), who also found that cores do not contribute significantly to
the total emission at 50k, even in cases where the inner radii are
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as small as 25 au. They are also in agreement with earlier work
that arrived at similar conclusions using much simpler models (e.g.
Terebey, Chandler & Andre 1993). Non-magnetized cores simply
do not contain enough mass on the small spatial scales probed by
50k baselines.

While these results demonstrate that the structures probed by in-
terferometer observations at baselines of 50 kA cannot be explained
as simply the inner, dense parts of cores, they still do not prove that
the structures are due to rotationally supported, Keplerian discs.
Magnetically supported ‘pseudodiscs’ form on size scales of a few
hundred to a few thousand au in magnetized cores (e.g. Galli &
Shu 1993; Chiang et al. 2008), and unresolved continuum obser-
vations are unable to distinguish between the two types of objects.
We emphasize that the observed disc mass distribution assembled
using the methods investigated in this study must be confirmed with
detections of Keplerian rotation signatures in molecular line obser-
vations. While such observations are now possible (e.g. Jgrgensen
et al. 2009; Tobin et al. 2012; Murillo et al. 2013; Yen et al. 2013;
Harsono et al. 2014), they push existing facilities such as the Submil-
limeter Array (SMA), Combined Array for Research in Millimeter-
wave Astronomy (CARMA), and Plateau de Bure Interferometer
(PdBI) to their limits and are only possible for the brightest and
most massive sources, especially in the Class O stage. However,
they should become routine in the near future with the technical
capabilities of ALMA and the Northern Extended Millimeter Array
(NOEMA). Confirming Keplerian rotation and measuring the radii
out to which such motions are detected is a high priority for future
observations.

6 SUMMARY

In this paper, we have coupled hydrodynamical simulations of the
collapse of dense, rotating cores into protostars with radiative trans-
fer evolutionary models to generate synthetic observations as the
simulations evolve. We have used this coupling to investigate the
extent to which a simple method for measuring protostellar disc
masses, namely the assumption that the (sub)millimetre interferom-
eter amplitude measured at a baseline of 50 kA arises from optically
thin, 30 K thermal dust emission in the disc with no contamina-
tion from the surrounding core, recovers the intrinsic masses of the
discs formed in the simulations. We summarize our main results as
follows.

(1) Overestimates due to contamination from the surrounding
core and underestimates due to partially resolving out the disc tend
to cancel each other at millimetre wavelengths but can lead to net
underestimates by up to factors of 4 at submillimetre wavelengths.

(ii) Optically thick emission, colder dust temperatures than the
assumed Tp = 30 K, and the effects of inclination can lead to un-
derestimates by up to factors of 2—-3 at millimetre wavelengths and
up to an order of magnitude or larger at submillimetre wavelengths,
especially 350 pm.

(iii) Flatter dust opacity laws due to grain growth will lead to fur-
ther disc mass underestimates at the shortest submillimetre wave-
lengths and overestimates by up to factors of 10 or larger at the
longest millimetre wavelengths (3 mm or longer), with the exact
magnitude dependent on the details of the true opacity law in the
disc.

(iv) The optically thin portions of protostellar discs are gener-
ally cooler in the Class I stage than the Class 0 stage since Class I
discs are typically larger and more optically thick, and thus more
shielded. Protostellar disc mass distributions assembled from ob-
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servations where the dust temperature is fixed at 30 K independent
of evolutionary stage will be lower limits to the intrinsic distribu-
tions, with mean values lower by factors of 1.5—6 depending on
wavelength and intrinsic disc properties. If temperatures of 30 K
for Class 0 sources and 15 K for Class I sources are adopted, the
observed distributions will be more representative of the intrinsic
distributions, with mean values within 50 per cent.

(v) Comparing the observed disc mass distribution from three
different surveys at 1 mm to that assembled from the Vorobyov &
Basu (2010b) hydrodynamical simulations suggests that the disc
masses predicted by the simulations are observed in approximately
50-70 per cent of all protostars. These results suggest that at least
some protostellar discs are likely sufficiently massive to fragment,
although larger samples are needed to further quantify this result.

(vi) We make the following two recommendations for future
studies that seek to use interferometer continuum observations of
protostars to measure the protostellar disc mass distribution.

(a) Observe at a wavelength of approximately 1 mm.
(b) Adopt a variable dust temperature of 30 K for Class 0 sources
and 15 K for Class I sources.

These results must be confirmed with larger, less biased ob-
servational samples. Additionally, this method is not capable of
distinguishing between rotationally supported, Keplerian discs and
magnetically supported ‘pseudodiscs’, thus future molecular line
observations are critically needed to confirm Keplerian rotation in
protostars found to have discs with the method investigated here.
However, the current evidence does support the hypothesis that disc
fragmentation may play a significant role in the early evolution of
protostellar systems.
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